Trace elements concentrations of Ca, Fe, and Zn in cataractous human lenses have been determined using the proton induced X-ray emission technique (PIXE). The technique was selected due to its sensitivity and only modest requirements for sample material processing and preparation. In the study a statistically significant sample of post-surgery (phacoemulsification method) human lenses with cataract was analyzed, targeting two diseases, often accompanying the cataract: diabetes and glaucoma. Patients were split into three, not overlapping groups: control, diabetic and glaucoma. Elevated levels of Zinc (strong effect) and Iron (weak effect) were measured for fraction of diabetic patients treated with insulin or pills. Samples from fraction of patients with glaucoma showed very elevated Zinc levels, often reaching concentration values of several hundreds of ppm, about one order of magnitude higher than in remaining cases. Due to overwhelming popularity of the phacoemulsification procedure and the ease of sample preparation for PIXE, current study suggests new perspective in medical diagnostic.
Introduction
Cataract illness manifests by a decrease in visual acuity, which, parallel to health problems, gives rise to severe social and economic consequences. In its advanced phase, the cataract disease requires surgical intervention, to remove the cloudy lens and to replace it with the eye lens polymer. There are many causes of this illness, and each of them differently affects the chemical structure and phase composition of the lens. Parallel to studies focused on chemical and structural issues (Lee et al., 1996; Borchman, 2014) , direct measurements of trace elements in eye, like Ca, Cu, Zn, etc. have been also reported in the literature of the subject. Published data cover both results of experimental animal studies (Cruciani et al., 2004) and modelling (Ciaralli et al., 2001) , as well as information gathered for humans (Stanojević-Paović et al., 1986; Rasi et al., 1992; Shukla et al., 2001; Haddad, 2012) . From trace elements, Zinc is probably the most interesting one. High concentrations of Zinc in ocular tissue have been reported, particularly in retina and choroid. In example, quantitative data presented in (Grahn et al., 2001 ) report mean Zinc concentration (ppm or, in equivalent units, μg/g dry weight) at the level of about ~20 ppm in lens, ~100 ppm in iris and even ~500 ppm in retina. Subsequently, many studies suggest that ocular diseases in humans are associated with Zinc deficiency (Prasad, 2014; Maywald and Rink, 2015) .
Diabetes has been identified as one of the most powerful risk factors of cataract (Obrosova et al., 2010) . Some studies of trace elements concentrations carried out for diabetic patients suggest the role of Zinc deficiency in occurrence of cataract among people with diabetes (Rahim and Iqbal, 2011) . In this particular study, group statistics for Zinc levels in human serum showed a mean of ~69 +/-8 μg/dl for diabetic patients with cataract and ~96 +/-12 μg/dl for individuals with senile cataract. However, other reports indicate that Zinc (and Iron) levels in the lens increase in diabetic patients (Dawczyński et al., 2002; Haddad et al., 2012) . This controversy stems probably from different sample material used for concentration measurements -blood serum in Rahim and Iqbal paper versus direct measurements of lenses from extracapsular cataract surgery in the latter study. Many patients with diagnosed glaucoma are predicted to develop cataract as well. However we did not found any direct report on the trace element concentrations in cataractous lens of patients with cataract and glaucoma, study of [Akyol et al., 1990] is closely related to this case. In the study, measurements were taken from aqueous humour. It was concluded that an increased copper value, together with a low zinc value might be of importance in patients with glaucoma.
Today, ophthalmology commonly uses phacoemulsification method, during which the lens is emulsified by ultrasounds and its fragmented parts are removed from eye. Currently, it is the most frequently performed medical surgery in the world (~20 mln operations / year, Pascolini and Mariotti, 2012) . The point of our study was to elaborate a suitable and efficient sample preparation protocol and verify it by analyzing a statistically significant sample of post-surgery human lenses with cataract. Further goal has been to find out changes in trace elements concentration, possibly correlated to other factors, e.g. depending of illness level. The study targeted two possible diseases: diabetes and glaucoma. As experimental technique, the PIXE method has been chosen, due to its sensitivity (down to single ppm) and the ease of sample preparation (virtually no sample material processing was needed).
Materials and Methods
Currently, following the dynamic development of ophthalmic surgery methods, one of the most popular methods is cataract removal by phacoemulsification, also called "small cut (incision) cataract surgery". At the beginning, small incisions on the side of the cornea enable entering the interior of the eye. Afterwards, using special instruments, the operator emulsifies the cataractous lens by ultrasounds and removes it from the eye. Then the surgeon implants the floatable intraocular lens and seals the wounds. The surgery usually lasts about ten minutes. Due to the fact that the wounds are "self-sealing' there is no need of putting the sutures over the wounds. Nearly 98% of all cataract surgeries are completed each year without serious complications, which makes the procedure very safe and enabling a very fast recovery.
The removed, cataractous material has become a subject of the current study.
In this work the experimental material was obtained from 101 patients (34 men and 67 women) aged 55-90, who were a subject to surgical intervention due to cataract. The whole sample material has been divided into three parts (see Table 1 ). Patients scheduled for cataract surgery, after basic medical examination, without features of infection or any severe diseases such as neoplasm, metabolic or autoimmune disease, were assigned to the control group G1. Patients treated against diabetics formed group G2. In the remaining cases (group G3), the glaucoma (and not diabetes) was diagnosed in addition to the cataract. The group included patients with glaucoma at different stages of the disease, from newly diagnosed to the advanced phase.
All cases of diabetes and glaucoma were well-controlled. Operations were carried out in a planned way (no emergency cases). The elemental composition of samples was determined by means of micro-Proton-Induced X-ray Emission method (μPIXE), using proton microprobe facility at the HVEC K-3000 Van de Graaff accelerator, working at the Institute of Nuclear Physics, Polish Academy of Sciences, Cracow (IFJ). For measurements, samples were placed in the experimental chamber (vacuum ~10 -5 hPa) and positioned in the microprobe focus using the on-line microscope for exact selection of the scanned area. More details of the IFJ experimental setup have been described e.g. in (Lekki et al., 2003) .
The beam energy was 2 MeV and the beam current intensity was in the range of ~100 -300 pA . Rectangular areas (256 x 256 µm 2 , 128 x 128 pixels) have been scanned with the proton beam of ~20 µm in diameter. Due to the nature of sample material, scanning was applied not in order to obtain elemental areal maps, but only in order to collect more reliable data, averaged from larger areas. Figure 1 shows typical spectrum of degraded lens.
Fig. 1. An example PIXE spectrum of the degraded lens material
Samples of the studied material were deposited on a surface of a conducting carbon adhesive tape and next fixed to a sample holder. The exact knowledge of the bombarding beam current was collected following the basic idea presented in (Kristiansson et al., 2010) . During the measurement, the beam was periodically deflected and directed to a Faraday cup with a current integrator, included into the data acquisition system of the microprobe. For typical scanning experiments, such arrangement enables a line by line normalization of the X-ray data (μPIXE map), but in our case it served only to determine the number of protons bombarding the sample (target charge). X-ray and proton backscattering spectra were collected in the event-by-event mode using the multiparameter data acquisition system of the Cracow microprobe. Typical collection time was 16 minutes, corresponding to a total beam charge of about 0.1-0.3 µC. The induced X-rays were registered by the Princeton Gamma Tech Si(Li) detector characterized with the resolution of 160 eV for the energy of 5.9 keV and the active area of 80 mm 2 . Detector was placed 25 mm from the irradiated sample and it was operating without any attenuation filter.
Data were processed using the IFJ microprobe proprietary software, while the X-ray spectra were quantified using the software package GUPIX (Campbell et al., 2010) .
Results
Following the suggestions and results published in other research papers in this area, from all elements present in collected X-ray spectra, the following three have been selected to detailed analysis: Calcium, Iron and Zinc. These elements were present in all measured samples and their quantitative determination was possible with reasonable accuracy, i.e. the measured concentration value was higher than the triple limit of detection plus estimated error. The relative, 1 sigma errors of a single measurement were as follows (estimations by the GUPIX code):
Calcium -average error <1%, maximum error 2.4%; Zinc -average error 4%, maximum error 8%; Iron -average error 22%, maximum error 69%. Relative high errors of a single measurement were due to low Fe concentration;
Many samples contained also traces (few ppm to few tens of ppm) of other metals like Titanium (most of measurements enabled the reliable quantification), Nickel and Copper (quantification possible in about half of cases), and even Lead (single samples). However, current study does not focus on these results.
In order to illustrate possible dependencies between the analyzed factors, several correlation tables have been separately calculated for all patients groups. To broaden the picture, six additional factors have been taken into account: patient's age, sex, concentration of Titanium, visus and tonus values, and the ultrasound time. Unfortunately, it's difficult to draw any general conclusions from these data. In particular, we did not observe clear relationship between the elemental concentrations and the sex and age of the patients. The only relatively high correlation observed in all three groups is between Ti and Ca levels: 0.77, 0.48 and 0.67. Other correlations are never reproduced so consistently and are difficult to comment.
The following three sets of histograms summarize all results obtained for Ca, Fe, and Zn concentrations in all samples. Experimental data cannot be treated as normal distributions, what -parallel to applying simple statistical tools -has been also supported by the Schapiro-Wilk test. Distributions are characterized by different group variances and the existence of numerous outliers. Moreover, groups G1, G2, and G3 are not equal in size. Therefore, in order to estimate statistical characteristics, the Kruskal-Wallis test (α = 0.05) has been employed for every element studied.
Discussion
Calcium concentrations (Figure 2 ) do not show any regular behavior between groups, thus probably this data are more specific to particular patients' histories and cannot undergo direct analysis. Kruskal-Wallis test reveals statistically significant differences in distributions, while a follow-up Dunn's test supports similarity between G1 and G2 and significant difference in G3 (glaucoma). The shift in Ca concentration (from median value of >400 to >700), observed in the group 3, requires probably further studies.
The obtained Calcium values, centered around several hundreds of ppm, may be compared with a result of ~54 +/-3 ppm obtained for a healthy, non cataractous lens (sample material from only one person, a victim of a communication accident). Just for comparison with subsequent histograms, the corresponding concentrations of other elements studied in this single case were 11 +/-3 ppm for Iron and 17 +/-4 ppm for Zinc, what fits well with the literature of the subject and the data presented in subsequent part of this study.
Iron content (Figure 3) was rather low and similar in all groups of patients, with some increase noted in the group treated against diabetes. The Kruskal-Wallis test concluded distributions diversity, with Dunn's test results pointing to similarity of G1 and G3 and significant differences between G1 and G2 as well as G2 and G3.
The determined iron concentrations (the most probable values of the order of few ppm) corresponded well with values measured using the technique of atomic absorption spectrophotometry .
Results for Zinc (Figure 4) are the most diversified, what is evident directly from the histograms, even without application of any statistical tests. Previous studies indicate the increased levels of Zinc (Rahim and Iqbal, 2011) and Zinc and Iron (Dawczyński et al., 2002) in lens in diabetic patients. Also in our study the level of Zinc, similar to Iron concentration, increases in lens in the diabetic patients treated with insulin or pills. The maximum of Zinc distribution moves from 20-30 µg/g for the non-treated group G1 to 60-80 µg/g for the group G2 treated against diabetics, in spite of the fact that the Dunn's test does not report statistically significant differences between groups G1 and G2.
However, the most prominent effect is a very strong increase in group 3 (glaucoma).
For the glaucoma group G3, the results are statistically different from first two groups. The measured Zn concentrations in lenses often reach even few hundreds of ppm, with the most probable value around 100 ppm. This effect hasn't been yet reported in the literature of the subject and possibly may shed some light on glaucoma pathogenesis. Results suggest that in glaucoma, apart from the increased pressure in eye and disturbances directly related to this effect, some indirect processes lead to severe, local disturbances of the lens metabolism. Our result seems to be consistent with data reported in (Akyol et al., 1990) . The depletion in Zinc in liquid humour, observed in this study, may be identified as the source for Zinc increase in lens. To study this process in more detail, enhancement of the experimental database is planned, with the data collected at different phases of the disease.
Conclusions
Correlation analysis, performed for all three allocation groups (not treated, diabetes treated, and glaucoma) did not provide clear dependencies between analyzed factors (age, sex, visus, tonus, time of ultrasound) and/or trace elements (Ca, Fe, Zn, Ti). In particular, correlations between elemental concentration of the above four elements did not show any regular behavior.
Elevated levels of Zinc (stronger effect) and Iron (weak effect) were measured for diabetic patients treated with insulin or pills, what corresponds reasonably with other published data. Samples from patients with glaucoma showed very elevated Zn levels, up to about one order of magnitude higher than in remaining cases. Due to novelty of these results, further studies are planned.
Current study suggests new perspective in medical diagnostic, due to popularity of the cataract phacoemulsification procedure and the ease of sample preparation.
